ABSTRACT The blood flow is traditionally obtained by multiplying the cross sectional area of the blood vessel and the average blood speed in the cross section, or is given by the integral of the product of the cross section and blood velocity of each element. However, both methods are affected greatly by the measurement precision of the area and velocity. A new algorithm, which is based on the Doppler blood flow spectrogram, is proposed to measure the blood flow in this paper. In the algorithm, the blood flow is calculated according to the double integral of a Doppler blood flow spectrogram. To verify the feasibility of the proposed algorithm, experiments have been performed on the Doppler blood-mimicking system KS205D−1 using the SonixTouch ultrasonic system. In addition, linear-regression analysis is carried out to observe the correlation factors between the experimental values and real values of different flow rates. Experimental results show that the calculated values and real values correlate significantly (r > 0.969, P < 0.0000001). Experimental results both on males and females also verified the proposed algorithm (r > 0.915, P < 0.00053). Hence the proposed algorithm is proven effective for relative mean blood flow measurement. Due to the special structure of the human brain, it is difficult to measure the cross sectional area of blood vessel with ultrasound imaging. In this algorithm, there is no need to measure the cross sectional area of the blood vessel. Therefore, the proposed algorithm has the potential to be a new method for clinical ultrasonic blood flow measurement, especially cerebral blood flow measurement.
I. INTRODUCTION
Blood flow measurement plays an important role in clinical diagnosis. Quantification of blood flow is an important way to evaluate heart dysfunction and angiocardiopathy [1] . Blood flow measurement is also a part of the evaluation of the maturity of arteriovenous fistulas [2] . Besides, quantification of blood flow in large cerebral vessels has become a potential predictor for stroke risk [3] since abnormal cerebral blood flow is a physiological manifestation of ischemic stroke.
Since blood flow is an important parameter related to blood circulation, accurate evaluation of the blood flow is a significant work. Recently, flow estimation has become an active research subject [4] - [6] . Some alternative noninvasive methods have been proposed to evaluate blood flow using different medical imaging techniques, such as color Doppler ultrasound imaging [7] , Magnetic Resonance Imaging (MRI ) [8] , [9] , Computed Tomography (CT ) [10] and Single-Photon Emission Computed Tomography (SPECT ) [11] .
Among these methods, color Doppler ultrasound provides low-cost, well reproducible and real-time measurement without radiation, so it has been widely used in clinical examination. In 1985, Gill [12] published an article in which he made use of ultrasound to measure blood flow and introduced the theoretical basis for blood flow measurement, as well as the source of error in measurement. Gill summarized two different ways. One is computing flow contributions from the various area elements, then summing them to obtain the total rate of blood flow in the vessel. Another is computing the average velocity, then computing the total flow rate by multiplying the cross sectional area and the average velocity. In the first way, the spatial velocity distribution, which is often referred to as the velocity profile, is determined or assumed. Up to now, most of the subsequent studies and clinical experiments [13] - [17] using ultrasound Doppler flow imaging to measure blood flow are based on these two ways, which can be described as traditional methods to measure blood flow. Traditional methods have been widely used in clinic. However, the accuracy of blood flow measurement remains a major challenge for researchers [18] .
Gill presented that the random error is mainly caused by the measurement error of the cross sectional area and Doppler angle [12] . Accordingly, Evans et al. [19] proposed a new approach for the noninvasive measurement of cardiac output using an annular array Doppler technique, and Hudson et al. [20] combined a clinical ultrasound system and matrix array transducer to measure pulsatile flow volume. Although there is no requirement to measure the area of vessel and the angle between ultrasound beam and the vessel, special requirements are needed in both methods, such as, annular array Doppler technique and matrix array transducer. Besides, most current clinical ultrasound systems are using commercial scanners. Only the axial velocities can we estimate using spectral Doppler technique [21] in clinical ultrasound system. Therefore, the blood flow is still evaluated according to traditional methods in clinic. In traditional methods, the Doppler angle is usually needed for detecting the blood velocity, typically in the range of 50 0 − 70 0 [22] . However, the Doppler angle is not the best angle for investigating the wall behavior and measuring the cross sectional area of blood vessel. In traditional methods, it can be observed that the cross sectional area of blood vessel and the blood velocities are separately measured. For example, when using the commercial ultrasonic system to measure the blood flow, the velocities are acquired from the Doppler spectrogram whereas the cross sectional area of the vessel is usually acquired from the B mode image at transverse beam-vessel orientation. It is hard to estimate the velocity and the diameter simultaneously because the two exams are mutually exclusive in most cases [23] .
In addition, the accuracy of blood flow measurement is closely related to the accurate estimation of blood flow velocity. Some ultrasound techniques have been proposed to evaluate a precise blood flow velocity, such as autocorrelation technique [24] , 2-D or 3-D velocity estimation using transverse oscillation [21] , [25] , estimation of vector velocities using transverse oscillation combined with directional beamforming [26] , the technique of synthetic aperture flow [27] , the technique of plane wave [28] and the technique of Doppler aortography [29] . As for measuring the blood flow according to the spatial velocity distribution, the assumption of a Womersley profile is more accurate than a Poiseuille profile. However, it is evident that fully developed axisymmetric flow may be the exception rather than the rule, even in nominally straight arteries. Though Womersley's theory is a fully developed pulsatile theory, its volume flow is calculated only using the maximum instantaneous blood velocity. The velocity profile skewing could result in large error and limit the use of Womersley's theory [30] . That is due to the fact that the actual velocities of scatterers in the vessel are within a certain range. In order to improve the accuracy of blood flow measurement, all velocities in the vessel should be considered. Therefore, Picot et al. [31] described a system in which the volume flow rate of blood in a vessel is determined using transverse color Doppler ultrasound imaging, and Wang et al. [32] proposed a method by accumulating three-dimensional (3D) volume color Doppler data to automatically quantify the flow volume of blood. Although these methods considered the actual distribution of the velocities in the vessel, the calculation is complex and specialized technical requirements are need, such as 3D color Doppler flow imaging or a special system which could rapidly measure the two-dimensional velocity profile. However, in most commercial color Doppler ultrasound systems, blood velocity estimation is based on frequency spectra of echo.
In this paper, a new algorithm for the blood flow measurement is proposed. The Doppler blood flow spectrogram is first acquired using the commercial color Doppler ultrasound instrument. Then a double integral of the spectrogram is calculated, which is a parameter related to the actual average blood flow. Finally, the flow volume is obtained by correcting the parameter according to the correction coefficients. Experiments were conducted on Doppler flow phantom and human to verify the feasibility of the algorithm. Compared with traditional methods, the proposed algorithm has following advantages: one is that there is no need to measure the area of vessel because the area of vessel in the direction of ultrasound beam can be reflected by the integral of Doppler flow spectrum. Another is that the method makes use of all the axial velocities of blood flow in sample volume rather than the peak systolic velocity [30] , since the Doppler blood flow spectrogram provides a range of one-dimensional axial velocities in sample volume. Besides, the presented algorithm is simple and efficient because it only requires a Doppler blood flow spectrogram and the sample volume to achieve a reliable result of blood flow measurement.
The rest of this paper is organized as follows: In Section II, the basic principle and processes of the algorithm are introduced. Section III introduces the Doppler flow phantom and presents the validation experiments on Doppler flow phantom. Section IV shows the results of the experiments. Error analysis of results on Doppler phantom and application in human are discussed in Section V. Finally, conclusion is given in Section VI.
II. PRINCIPLE AND METHOD

A. TRADITIONAL METHODS
Doctors quantify the degree of stenosis and further for determining according to parameters as follow [33] : peak systolic velocities (PSVs), end diastolic velocities (EDVs), pulsatility index (PI ) and resistance index (RI ), which can be calculated from the spectrogram in clinic. Spectrogram contains vital information of the blood flow, which is used to obtain the maximum velocity envelop by tracing the highest frequency of the Doppler spectrum in a number of diagnostic applications [33] . Though these parameters are directly FIGURE 1. The cross sectional area S t is divided into m element areas S x, z, t , and the total flow in the vessel is the sum of the contribution of each element area.
related to the blood flow velocity, they can hardly reflect the flow volume.
According to the study of Gill [12] , the time-average blood flow Q is calculated by [34] 
where S(t) and V (t) represent cross sectional area and average instantaneous blood velocity, respectively. T is the stroke cycle.
If the effect of flow pulsatility is ignored, the instantaneous volumetric flow Q p (t) can be calculated by [30] 
where R is the effective radius of blood vessel. V max (t) is the maximum instantaneous velocity of blood flow. From (1) and (2), it is obvious that using the average or maximum velocity instead of actual velocity will result in errors. In order to reduce the errors, a method of integral has also been proposed. As shown in Fig.1 , the cross sectional area S(t) is divided into m element areas S(x, z, t), then each average velocity v(x, z, t) of each element area S(x, z, t) is calculated. Therefore, time-average blood flow Q is described as
and instantaneous blood flow Q(t) is described as
After discretization, the (4) can be also written as
where S i represents the element area S(x, z, t), and v i is the average velocity of the element area S(x, z, t). However, it is difficult to effectively and accurately measure them using the clinical ultrasound system because S i and v i are functions of position. A new algorithm based on spectrogram will be described in the remainder of this section.
B. THE RELATIONSHIP BETWEEN CROSS SECTIONAL AREA AND SPECTROGRAM
The Doppler shift f directly corresponds to the magnitude of the scatterer's velocity v, which is described as
where f 0 is the frequency of the transmitted ultrasound. c and θ represent the ultrasonic propagation speed in blood and beam-to-flow angle (Doppler angle), respectively. It is also suitable for pulse-wave systems [4] . Therefore, the range of scatterers velocities in the sample volume can be obtained by detecting the spectrum of Doppler signal scattered from the blood [12] . The spectrogram is commonly used as a tool for display and analysis of echoes scattered from the blood. Actually, spectrogram is a time-frequency representation of Doppler spectrum, which maps a one-dimensional signal of time into a two-dimensional function of time and frequency [35] . In a spectrogram, the abscissa represents time, and the ordinate represents velocity. The gray values of the spectrogram represents the weights of the scatterers velocities, which is modulated by the amplitude of the Doppler spectrum. According to the assumption of uniform insonification [12] , the spectral density of the Doppler signal directly represents the distribution of red cell velocities in the sample volume. In a spectrogram the gray value of a point reflects the intensity of the frequency in original Doppler signal. The greater the gray value is, the stronger the signal of a certain frequency is. In other words, the greater the gray value is, the more the quantity of the scatterers running at a certain velocity is. If the sample volume encompasses the entire area of a vessel uniformly, the strength of the Doppler signal is proportional to the area of the vessel [34] . As a result, the spectrogram displays not only the range of scatterers velocities, but also reflects the sectional area of the vessel.
For a m×n sized two-dimensional matrix of a spectrogram, the row i of the matrix corresponds to velocity of the scatterers in a vessel, whereas the column j of the matrix corresponds to time t, and the values of the matrix correspond to the gray values of the spectrogram. As described, each matrix value I ij corresponds to the quantity of scatterers N ij
where K ij is a coefficient, which illustrates the relationship between the gray value and the quantity of scatterers. K ij is related to the attenuation of ultrasound. The matrix value I ij represents the gray value at time j with velocity i in a spectrogram, whereas N ij represents the quantity of scatterers. Shung [22] found the ultrasound scattering in blood is attributable almost to red cells. It is assumed that the areal density of red cells in a sectional element area along the ultrasound beam direction is δ ij . Theoretically, the pressure produced by the pulsation of the heart would affect the areal density of red cells. However, in general, there is no need to consider the compressibility or expansibility of blood in engineering [36] . Therefore, when applying it to the human body, areal density of red cells δ ij is also regarded as a constant δ. So the quantity of red cells flowing through the area S ij at velocity i and time j in the direction of ultrasound beam can be calculated by
Combining with (7), the area S ij in the direction of ultrasound beam can be described as
Then the whole area S j of scatterers at time j can be obtained from the summation of S ij , which is described as
S j can be regarded as the area of blood vessel in the direction of the ultrasound beam at time j. Because of the Doppler angle, the cross sectional area S j can be calculated by
C. ALGORITHM OF THE BLOOD FLOW MEASUREMENT based on spectrogram
Considering that the Doppler blood flow spectrogram shows the axial velocities, and the gray values of the spectrogram reflect the sectional element area, it is confirmed that the instantaneous blood flow can be obtained by conducting a summation on the spectrogram according to (5) . Combining (6) and (9), the instantaneous blood flow Q j at time j can be described as
However, in this study, the velocities of scatterers are obtained directly from the spectrogram instead of calculating the Doppler shift f . From (5), the instantaneous blood flow Q j can also be written as
where v ij is the velocity of the scatterers corresponding to line i of the matrix at time j. As known, ultrasound attenuates in exponential law in propagation. When ultrasound propagates a certain distance x, the intensity A of echo will be calculated as follow
where A 0 is the intensity of the transmitted signal, and α is the attenuation coefficient. In addition, as described above, K ij is proportional to the attenuation of ultrasound. In order to avoid the effect of the depth of sample volume, we need to deal with the matrix of spectrogram to degrade the effect of the attenuation. From (14) , the intensity of echo is affected by the factor e −2αx . Generally, the length of the sample volume along the direction of ultrasound is much less than the distance between the ultrasound source and the location of sample volume. Therefore, within a reasonable range of error, all the intensities of echoes can be regarded to be affected by the factor e −2αx . So, a method to degrade the effect of the attenuation is proposed, in which each of the intensity of echo is divided by the sum of all the intensities of echoes in order to compensate the factor e −2αx . After degrading the effect of the attenuation, the K ij can be regarded as a constant K 0 . In a word, from (13), the instantaneous blood flow Q j , which has nothing to do with imaging depth, is described as
From (3), the time-average blood flow Q can be calculated as
According to (16) , the result of double integral Q m is an important parameter to obtain the time-average flow volume. Q m is expressed as
The algorithm proposed in this paper realizes the estimation of flow volume in the process of double integral, which avoids the error from the measurement of cross sectional area or the diameter of a vessel. It is more accurate because it considers all the scatterers of different velocities in the sample volume rather than the average instantaneous velocity or maximum instantaneous velocity.
However, because of the unknown parameters K 0 and δ, the result Q m is just a parameter representing the actual flow volume. Theoretically, Q m is proportional to the actual flow Q, which is described as
where k is the system correction factor related to the shape, size and the number of scatterers. Equation (10) describes that the sum of each value of I ij at time j represents sectional area S j of blood vessel in the direction of the ultrasound beam. Therefore, the value Q m calculated by (16) is actually where Q is the actual value of flow. Compared with (18) , the relationship between S j and the correction coefficient k is
eqnarray (20) shows that the correction coefficient k for different sectional area of blood flow is proportional to the sectional area S j .
III. EXPERIMENTS A. DOPPLER MODEL FOR EXPERIMENT
To verify the feasibility and accuracy of the proposed algorithm, experiments were performed on the Doppler blood-mimicking system KS205D − 1 made in the Institute of Acoustics of the Chinese Academy of Sciences using the SonixTouch ultrasonic system made in Ultrasonix Medical Corporation. KS205D − 1 consists of blood-mimicking Doppler phantom and control system. Fig.2 a block diagram of KS205D−1 , which gives the components and structure of the system. In the system, the Doppler phantom is the hardcore of the system, and the key technical parameters of the Doppler phantom are in accordance with the relevant regulations of YY/T0459-2003, which is equivalent to the International Electrotechnical Commission (IEC) standard IEC61685. This international standard is to establish a flow Doppler test object for acceptance testing, quality assurance testing and clinical calibration of Doppler systems. The ultrasound tissue-mimicking gels and the pipes embedded in Doppler phantom are used as the human soft tissue and blood vessel respectively according to the acoustic characteristics. The technical parameters of the blood-mimicking soliquoid which is composed of continuous phase and solid phase, refer to the measurement of actual blood or configured blood. The key parameters of the gels, the pipes and the soliquoid are listed in Table. 1. The blood-mimicking soliquoid flows along the pipes embedded in the tissue-mimicking gels and with 30 degrees to the horizontal.
B. DATA ACQUISITION AND PROCESSING
When the system is driven by the constant-flow pump, the flow is measured by the rotor flowmeter, and the velocity of the soliquoid can be controlled and measured by a non-acoustic method. To obtain stable and accurate blood flow values, KS205D − 1 worked in a constant current mode, in which the level of the rotor flowmeter was stable. The actual flow volume was obtained by reading the rotor flowmeter. When changing the speed of constant-flow pump, corresponding reading of the flowmeter can be obtained.
Then, set the parameters of the equipped linear ultrasonic probe L14-5/38 on SonixTouch and collect the data. The probe was fixed on the Doppler phantom at a Doppler angle of 62 0 . Next, set the parameters of the mode of pulse wave (PW ) as follow: the transmitting frequency of the transducer, the pulse repetition frequency, the size of the sample gate, the Doppler gain and the angle of the sample volume were 5MHz, 5KHz, 8mm, 50% and 62 0 , respectively. The sampling rate of the echoes was 20MHZ in the SonicTouch ultrasonic system. The flow chart for the blood flow measurement based on the spectrogram is shown in Fig.3 . Firstly, the maximum and minimum velocity were measured by the ultrasonic system. And in this study, the data outputted by SonixTouch in pw format were also obtained. The matrix of spectrogram consists of the data. Fig.4 is a result of the data in pw format shown by MATLAB software system. To simplify the blood flow measurement and fully utilize the commercial ultrasonic system, we made use of the data in pw format rather than the Doppler radio frequency (RF) data of blood flow in this paper.
Secondly, according to the two-dimensional matrix of spectrogram and the maximum and minimum velocity, the data between the corresponding maximum row and the corresponding minimum row were regarded as effective matrix of spectrogram. The velocity of each row in the effective matrix was obtained by linear expansion.
Next, to degrade the effect of the attenuation, the effective matrix was processed by (17) . In order to verify the results of measurement, a number of spectrograms with different flow rate at different imaging depths were obtained. The least square method was employed between the calculated value Q m and the actual value Q, which was described as
IV. RESULTS
A. VERIFICATION OF THE ALGORITHM FEASIBILITY
To verify the feasibility of the algorithm, three groups of ultrasound Doppler flow data at three imaging depths were obtained. Each group of data consists of ten different ultrasound Doppler flow spectrograms which corresponded to ten different flow values Q ( in the range of 10L/h − 31L/h), respectively. Firstly, we calculated the IV directly, which was the double integral of I ij and v ij . The fitting results of the calculated value IV and the actual value Q are showed in Fig.5 . The correlation coefficients r for different imaging depths are more than 0.97, and each corresponding P value is less than 0.000001, as shown in Fig.5 . It is confirmed that the calculated value IV and actual value Q correlate significantly, which verifies that the double integral of I ij and v ij can be used as a parameter for the actual value of blood flow. The coefficients k of the fitting results are different at different imaging depths, however, there is a positive correlation with the imaging depth. To reduce the adverse impact of ultrasonic attenuation caused by imaging depth, ultrasound Doppler flow spectrograms were processed according to (17) . Fig.6 shows the fitting results about Q m and the actual value of blood flow Q. Compared with Fig.5 , the proposed algorithm improves the correlation between calculated value IV and actual value Q. What's more, the coefficients k of the fitting results are almost equal, which illustrates that the proposed algorithm can degrade the effect of the attenuation on the measurement results.
A group of experiment was performed to show the relationship between the traditional measured value and the actual value in phantom. As shown in Fig.7 , the correlation coefficient between the traditional measured value and the actual value is more than 0.995, and the scale coefficient of the fitting result is almost equal to 1.
Traditionally, the actual time-averaged blood flow is calculated according to (1) or (2) . To compare with the traditional methods, the calculated value Q m needs to be corrected according to (21) . So it is necessary to conduct system calibration experiments to obtain the parameters k and b. We obtained seven groups of ultrasound Doppler flow data at seven different imaging depths, and there was a repeated experiment to reduce the random error. Fig.8 shows seven groups of k and b at seven different imaging depths, where k and b at each imaging depth are the average result of the two repeated experiments. As shown in the Fig.8 , the range of k is 1.7582 − 1.8833 and that of b is (−3.3915) − (−4.4924). What's more, k is independent of imaging depth.
We set k to 1.8136 and set b to −4.2840, which are the average value of the values shown in Fig.8 . Therefore, the final result of the blood flow Q is calculated by
where Q m is calculated according to (17) .
B. THE ERROR OF THE EXPERIMENT ON DOPPLER PHANTOM
There are fourteen groups of spectrograms of different flow (in the range of 15L/h and 28L/h) when the imaging depth is 40 mm. Fig.9 shows the fitting result of Q and actual value Q.
As shown in Fig.9 , the correlation coefficient between Q and Q is 0.96993, and the linear regression slope of Q and Q is 0.94776, whereas the linear regression intercept is 0.41997. To compare with traditional methods, we also calculated the blood flow value according (1). Fig.10 shows the errors of the proposed algorithm compared with the traditional method in this experiment. As shown in Fig.10 , the trend of the errors of the proposed algorithm and the errors of traditional method is similar. The errors of traditional method are in the range of 9.7% − 28.4%, whereas the errors of the proposed algorithm are in the range of (−2.3)% − 12.4%. It means that the proposed algorithm is more accurate than the traditional method. Therefore, the proposed algorithm has the potential to be a new method to measure the blood flow. Seven groups of spectrograms of different imaging depths in the range of 25.5 mm − 39.1 mm were obtained when the actual flow was 29L/h. After correcting the Q m according to (22) , Fig.11 shows the experiment errors of the proposed algorithm and the errors of traditional method. As shown in Fig.11 , the errors of the proposed algorithm are in the range of (−5.54)% − 4.85% whereas the errors of traditional method are in the range of 2.1% − 14%. The errors of the proposed algorithm have nothing to do with the imaging depth, so the effect of ultrasonic attenuation is degraded. The comparison of the measurement results between traditional method and the proposed algorithm is shown in Table. 2.
C. APPLICATION IN HUMAN
It should be mentioned that the Doppler blood-mimicking phantom KS205D − 1 and control system is considered as the standard simulation system for blood flow of human. Therefore, phantom experimental results can represent the results of human body. In spite of this, we must verify the feasibility in human. der Horst A. Van [37] and van Rooij [38] mentioned that the blood flow measured using an ultrasonic flow probe can be considered as the golden standard for blood flow measurement. However, measuring blood flow using an ultrasonic flow probe is invasive. As mentioned above, most of the studies and clinical experiments to non-invasively measure volumetric blood flow using ultrasound are obtained by traditional methods [23] .
In this paper, an alternative experiment is performed. For the KS205D − 1, the actual value can be obtained directly. For the human, it is obtained according to (1) .
We have measured nine groups of common carotid artery blood flow (CCABF) on nine male subjects and nine female subjects according to the procedure mentioned by Blanco [23] . The ages of the nine male subjects are between 24 and 25, and the external conditions are similar. As shown in Fig.12 , the correlation coefficient between the calculated values based on the proposed algorithm and traditional measured values is 0.926. The ages of the nine female subjects are between 23 and 27, and the external conditions are similar. As shown in Fig.13 , the correlation coefficient between the calculated values based on the proposed algorithm and traditional measured values is 0.915. The comparison of the measurement results between males and females are shown in Table. 3.
V. DISCUSSION
To verify the feasibility and accuracy of the proposed algorithm, the experimental data of the spectrograms were obtained on the ultrasonically blood mimicking Doppler phantom and then applied to the proposed algorithm and traditional method. We also verified the feasibility on male and female. From the results, there are two statements about the study.
A. ERROR ANALYSIS OF RESULTS ON DOPPLER PHANTOM
In emergency medicine, the measurement error should be within approximately 10% [39] . As shown in Fig.10 , errors of the proposed algorithm are in the range of (−2.3)% − 12.4%. The error analysis of the proposed algorithm is described in detail in this section.
Theoretically, the fitting result of least square method should be a positive proportional function, and the proportionality coefficient k is a parameter to reflect the characteristic of the Doppler phantom. However, in experimental results, the intercepts b of (21) are not zero because of the errors in the process of measurement and calculation. The linear regression coefficients b reflects the error of experiment. The proposed algorithm is based on the Doppler flow spectrum, thus the main error depends on the spectrogram. Although there is no need to multiply the cross sectional area of a vessel in the proposed algorithm, it is actually calculated by the integral of the spectrum, and the velocities are obtained directly from the spectrogram. Therefore, the accuracy of the spectrogram predetermines the error of the algorithm. Theoretically, a single blood velocity at any instance should give rise to a single Doppler frequency shift according to the Doppler equation. However, in practice, a single blood velocity may give rise to a range of frequencies, which is called spectral spreading or intrinsic spectral broadening [40] . Spectral spreading is considered as one of the chief error factors. Due to the intrinsic spectral broadening, the velocity range of blood flow shown in the spectrogram broadens, which leads to a larger calculated value. Therefore, the calculated value Q m needs to be corrected according to (21) to reduce the systematic error.
On the other hand, compared with the frequencies of transmitted ultrasounds and echoes, the frequencies of the Doppler signals are smaller. In order to filter high-frequency carrier, quadrature demodulation of echoes is needed. The Doppler signals are obtained after Low Pass Filter. However, there are some low-frequency signals from the vessel walls in the Doppler signals. So we must design a High Pass Filter to filter the low frequency signals at the same time. So a Band Pass Filter can meet our needs. The normalized cut-off frequency of high pass filtering is 0.05 to filter the echoes of the blood vessel walls. Therefore, some low frequency signals of blood flow will be filtered, which will result in a VOLUME 7, 2019 smaller blood flow value. Besides, because the spectrogram is a discrete two-dimensional matrix, all the velocities displayed in the spectrogram are discrete and could not represent all the speed of the actual blood flow. Therefore, the accumulation of discrete values of the matrix of spectrogram is not complete, which could result in an inevitable error of the algorithm. In addition, the error of the measurement of the maximum and minimum velocity also have an effect on the result. To reduce the error of the algorithm hence more accurate correction coefficients and higher Doppler signal sampling rate are needed.
B. APPLICATION IN HUMAN
From (15), the time-average blood flow is related to δ, whereas K 0 is the same in different subjects. The number of red blood cells may vary with age and external conditions. For example, subject who engage in sports or regular exercise may have more red blood cells. Besides, the Hematocrit of male is larger than that of female in general. So the δ may vary with age, sex and external conditions.
As shown above, the fitting coefficients in Doppler phantom are in the range of 1.7582 − 1.8833. However, the fitting coefficient in male is 1.3748, and in female is 1.7558. There are three possible reasons for the difference between the three fitting coefficients.
1) To obtain stable and accurate blood flow values, KS205D − 1 worked in a constant current mode, which made the flow in phantom be not similar to the actual blood flow in human body.
2) The fitting coefficient of the human was obtained according to the measured value and the calculated value, whereas the measured value was obtained by the traditional method rather than ultrasonic flow probe. The measured value may have some errors with the ''golden standard'' value.
3) Generally, the Hematocrit of male is larger than that of female, so the areal density of red cells in male is larger than female. According to (18) and (20) , the correlation coefficient k of male is smaller than female.
Actually, the key to demonstrate the proposed method is the correlation between the calculated value with the proposed algorithm and the actual value. The high correlation shows that the calculated value based on the spectrogram can represent the value of blood flow, which also verifies the feasibility of the algorithm in human.
VI. CONCLUSION AND FUTURE WORK
This paper proposes a new algorithm to measure the blood flow based on the spectrogram. The experimental results demonstrate the performance of the proposed algorithm. Due to the special structure of human brain, it is difficult to measure the cross sectional area of blood vessels with ultrasound imaging. In this algorithm, there is no need to measure the cross sectional area of the blood vessel. Therefore, the proposed algorithm has the potential to be a new method for clinical ultrasonic blood flow measurement, especially cerebral blood flow measurement.
It is important to reduce the error of the algorithm in clinical application. Although the correction coefficients obtained on the Doppler phantom can be used as a reference of human body, it may vary in different subjects because the δ varies with age, sex and external conditions. Our future study will devote to obtaining the golden standard blood flow value for verification and analysis to find more accurate correction coefficients.
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